Introduction
Intracellular Ca 2ϩ ions play vital roles in regulating numerous aspects of neuronal signaling (Berridge, 1998) . This Ca 2ϩ arises from two sources: influx of extracellular Ca 2ϩ through voltageand ligand-gated plasma membrane channels, and liberation from intracellular stores, such as the endoplasmic reticulum (ER). Although much is known about the influx pathways (Berridge et al., 2000; Sabatini et al., 2001) , the importance of Ca 2ϩ liberation from intracellular stores has only recently become apparent (Meldolesi, 2001; Rose and Konnerth, 2001 ). Ca 2ϩ liberation from the ER is mediated through ryanodine receptors (RyR) and inositol trisphosphate (IP 3 ) receptors (IP 3 Rs) (Berridge, 1998) . Both function as Ca 2ϩ -permeable channels in the ER membrane, the opening of which is promoted by cytosolic Ca 2ϩ , leading to a phenomenon of Ca 2ϩ -induced Ca 2ϩ release (CICR) (Friel and Tsien, 1992; Nakamura et al., 1999) . Moreover, in addition to Ca 2ϩ , the gating of IP 3 Rs requires IP 3 , an intracellular messenger that is generated through a G q -coupled signal transduction pathway. Ca 2ϩ and IP 3 can thus function as "chemical" computational signals, mediating complex, bidirectional interactions between the plasma membrane and ER that underlie diverse processes, including excitability, neurotransmitter release, plasticity, and gene transcription (Berridge, 1998) .
Despite the fact that the phosphoinositide system is particularly well developed in brain (Berridge, 1998) , most of our knowledge of its functioning derives from studies in nonexcitable cells. Key findings include the inhibitory and excitatory influences of cytosolic Ca 2ϩ on Ca 2ϩ liberation through IP 3 Rs (Iino, 1990; Bezprozvanny et al., 1991; Finch et al., 1991; Yao and Parker, 1992; Ilyin and Parker, 1994) and the hierarchical spatial arrangement of Ca 2ϩ liberation as "elementary" events that can serve both as local signals and become coordinated to propagate global Ca 2ϩ waves (Yao et al., 1995; Berridge, 1997) .
The dual requirement for IP 3 and cytosolic Ca 2ϩ to promote additional Ca 2ϩ liberation (Bezprozvanny et al., 1991; Finch et al., 1991) suggests that the IP 3 receptor may serve as a coincidence detector (Berridge, 1998; Rose and Konnerth, 2001 ) and therefore play a role in synaptic plasticity (Fujii et al., 2000; Miyata et al., 2000; Nishiyama et al., 2000) . Ca 2ϩ released from intracellular stores can also have short-term effects on membrane excitability (Morikawa et al., 2000; Yamamoto et al., 2002) , as well as potential long-term implications by regulating gene transcription (Mellstrom and Naranjo, 2001) .
Although it is clear that IP 3 -sensitive Ca 2ϩ stores are involved in many aspects of neuronal functioning, little is known regarding its role in the frontal and prefrontal cortex, despite that fact that this region contains a significant level of IP 3 receptors (Sharp et al., 1999) , G q -coupled receptors (Wilson and Minneman, 1989; Levey, 1993) , and Ca 2ϩ -activated conductances (Markram and Sakmann, 1994; Seamans et al., 1997) . We thus studied the dynamics of IP 3 -evoked Ca 2ϩ release in layer V pyramidal neurons in the prefrontal cortex, using whole-cell electrophysiological recordings combined with video-rate two-photon imaging from neurons filled with fura-2 and caged IP 3 . Our results show that Ca 2ϩ liberated from IP 3 -sensitive stores directly affects neuronal excitability and interacts with other Ca 2ϩ sources to modulate signaling in cortical neurons.
Materials and Methods
Slice preparation. Brain slices were prepared as described previously (Aghajanian and Marek, 1997) and in adherence with protocols approved by the University of California, Irvine Institutional Animal Care and Use Committee. All efforts were made to minimize the number of animals used and their suffering. Briefly, 2.5-to 3.5-week-old FVB/N mice were deeply anesthetized with halothane and decapitated. The brains were quickly removed and placed in ice-cold artificial CSF (aCSF) bubbled with 95%O 2 -5% CO 2 . A 300-m-thick coronal section containing the prefrontal cortex was blocked and glued to the stage of a Vibroslice (Campden Instruments, Loughborough, UK) oscillating microslicer. The standard aCSF used in the recording chambers was composed of the following (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 10 D-glucose, 25 NaHCO 3 , 2 CaCl 2 , and 1.2 MgSO 4 , pH 7.3-7.4. Flow rate for aCSF was ϳ3 ml/min. There was at least a 1 hr recovery period before the initiation of experiments. Layer V pyramidal neurons were selected in a region approximately one-half of the distance between the pial surface and the subcortical white matter in the medial prefrontal cortex.
Whole-cell recordings and solutions. Visualized whole-cell patch-clamp recordings were performed using an infrared-differential interference contrast setup. Slices were placed in a custom-made perfusion chamber mounted on a movable stage assembly on an upright microscope (BX50WI; Olympus Optical, Tokyo, Japan). Patch pipettes (4 -5 M⍀) were pulled from boroscillicate glass tubing (World Precision Instruments, Sarasota, FL) using a Brown and Flaming horizontal puller (model P-97; Sutter Instruments, Novato, MA) and were filled with a solution containing the following: 135 mM K-methlysulfonate, 10 mM HEPES, 10 mM Na-phosphocreatine, 2 mM MgCl 2 , 4 mM NaATP, and 0.4 mM NaGTP, pH adjusted to 7.3-7.4 with KOH, as well as 50 M fura-2 (Molecular Probes, Eugene, OR) and 50 M caged IP 3 (Molecular Probes). Signals were acquired at 1 kHz using an Axopatch 1C amplifier (Axon Instruments, Union City, CA), and analyzed using Clampex 8.1 and Clampfit 8.1 software. Access resistance was continually monitored, and cells were used for recording only if the access resistance was maintained Ͻ7 M⍀.
For local agonist stimulation, a puffer pipette filled with 100 M 1-aminocyclopentane-trans-1S3R-dicarboxylic acid (1S3R-ACPD) (Sigma, St. Louis, MO) was positioned directly over various regions of the cell, including the base and apical regions of the soma, and proximal and distal dendrites. The agonist was ejected using 100 msec pneumatic pressure pulses (PV 800 pneumatic pump; World Precision Instruments).
Ca 2ϩ imaging and flash photolysis. Imaging was performed using a home-made video-rate two-photon microscope, as described previously (Nguyen et al., 2001) . In brief, excitation was provided by trains (80 MHz) of ultra-short (ϳ100 fsec) pulses at 780 nm from a Ti/sapphire laser (Tsunami; Spectra-Physics, Mountain View, CA) pumped by a solid-state laser (Millenia 5 X ; Spectra-Physics). The laser beam was scanned by a resonant galvanometer (General Scanning Lumonics, Waterton, MA) allowing rapid (7.9 kHz) bidirectional scanning in the x-axis and by a conventional linear galvanometer in the y-axis, to provide a frame-scan rate of 30 frames per second. The scanned beam was introduced into the microscope through a custom port mounted between the trinocular head and epifluorescence illuminator and focused onto the specimen through a 40ϫ water-immersion objective (numerical aperture, 0.8). Emitted fluorescence light was collected through the same objective and, after passing through a short-pass filter ( Ͻ 650 nm) to block laser light, was detected by a wide-field photomultiplier (R5929; Hamamatsu, Bridgewater, NJ) mounted on the photo-port of the trinocular head. Luminance and synchronization signals were sampled by a computer equipped with a frame-grabber board (DT3152; Data Translation, Marlborough, MA), and a custom software routine appropriately flipped and interlaced alternate lines of the bidirectional scan to display images (450 ϫ 400 pixels) at 30 Hz. Finally, a video signal derived from the computer display was redigitized by a second computer running the MetaMorph image analysis and processing package (Universal Imaging, Westchester, PA).
All results presented here were obtained using fura-2 as the Ca 2ϩ indicator because, in preliminary trials, we found it to offer advantages over visible-wavelength indicators such as Calcium Green-1. Most significantly, two-photon excitation of fura-2 at 780 nm is equivalent to conventional (one-photon) excitation at 380 nm, in that it shows a decrease in fluorescence on binding Ca 2ϩ rather than an increase as with most other indicators. The basal fluorescence is thus high, facilitating identification of cellular structures and measurement of small Ca 2ϩ increases over the resting level. Second, fura-2 showed a large dynamic range, with the fluorescence intensity changing Ͼ10-fold from resting to saturating [Ca 2ϩ ]. For clarity of presentation, images and traces of fura-2 fluorescence are expressed as a pseudoratio F 0 /⌬F (where F 0 is resting fluorescence and ⌬F is the decrease of fluorescence on stimulation), so that increases in [Ca 2ϩ ] correspond to increasing ratios. Photolysis of caged IP 3 was accomplished by flashes of UV light (340 -400 nm) derived from a 100 W Hg arc lamp in a standard Olympus Optical lamphousing and epifluorescence attachment, modified to accept an electronically controlled shutter (Uniblitz, Rochester, NY). The irradiance at the specimen was ϳ51 mW mm Ϫ2 , focused as a uniform circle (radius, ϳ50 m) centered on the imaging field. No attenuation was used in the light path, and the stimulus strength was regulated by the flash duration. On the basis of previous calibration (Parker and Ivorra, 1992) , a flash of 10 msec duration would have photolysed ϳ4% of the total caged IP 3 , resulting in an intracellular concentration of free IP 3 of ϳ2 M.
Results
IP 3 -evoked Ca 2ϩ release was imaged in layer V pyramidal neurons within the anterior cingulate/infralimbic regions of the medial prefrontal cortex. Morphologically identified pyramidal neurons (n ϭ 106) were selected in an area approximately onehalf of the distance between the pial surface and the subcortical white matter and had electrophysiological properties consistent with regularly spiking pyramidal neurons in the neocortex (McCormick et al., 1985) , with resting membrane potentials of Ϫ63.7 Ϯ 0.4 mV, input resistance of 201.1 Ϯ 6.3 M⍀, and displayed spike frequency adaptation with suprathreshold depolarizing current injections.
Imaging Ca
2؉ signals evoked by IP 3 and by action potentials In this study, we explored the dynamics and functional roles of Ca 2ϩ liberation through IP 3 receptor-channels in cortical neurons. Figure 1 illustrates many of the key spatial and temporal Ca 2ϩ characteristics we describe and shows representative Ca 2ϩ signals in a neuron that responded strongly to photoreleased IP 3 together with signals arising from Ca 2ϩ entry through voltagegated Ca 2ϩ channels (VGCC) during trains of action potentials. Patterns of Ca 2ϩ signaling varied significantly across cellular regions (soma vs dendrite) and by means of activation (photolysis of caged IP 3 vs action potentials). Signals evoked by action potentials were relatively small and slow in the soma, whereas larger and more rapidly decaying signals were observed in the dendrites (Fig. 1 B) . In contrast, large Ca 2ϩ signals were evoked in the soma by brief photolysis flashes (Fig. 1C) , whereas in the dendrite the threshold for evoking a response was higher and, in many cells, signals could not be evoked at all. In those cells showing dendritic IP 3 -evoked Ca 2ϩ responses, the decay rates of dendritic Ca 2ϩ signals were markedly faster than in the soma ( Fig  1C,D) .
IP 3 -evoked Ca 2ϩ signals in the dendrite did not result simply from passive diffusion of Ca 2ϩ from the soma, because responses to suprathreshold flashes began abruptly after an initial latency, whereas no responses were seen to subthreshold flashes that nevertheless evoked large Ca 2ϩ signals in the soma ( Fig. 1C-E ). We did not observe propagating Ca 2ϩ waves, as have been described in hippocampal neurons (Nakamura et al., 1999) ; instead, heterogeneous patterns of Ca 2ϩ responses were observed within the soma and proximal dendrite, suggesting that Ca 2ϩ liberation occurs autonomously in discrete subcellular regions. Signals in the nucleus were smaller, and slower, in both rise and decay times than adjacent regions of the cytoplasm, indicating that the nucleoplasm acts merely as a passive sink for Ca 2ϩ diffusion.
Cortical pyramidal neurons show widely varying sensitivities to IP 3
Fluorescence signals evoked by a train of action potentials (0.5 sec depolarizing pulse evoking spikes at ϳ20 Hz) were consistently observed in the soma of all neurons, and their amplitudes varied between cells in an approximately Gaussian manner ( Fig. 2 A, B) . In contrast, responses to photoreleased IP 3 varied enormously between cells: many showed strong signals as in Figure 1 , but others showed only weak responses or failed to respond at all (Fig.  2 A) . To quantify these differences, we measured the distribution of fluorescence signals evoked in 72 neurons by UV flashes of fixed (20 msec) duration (Fig. 2C ). Many cells showed no detectable response, whereas the remainder exhibited peak fluorescence signals varying continuously over a Ͼ10-fold range. For additional analysis, we grouped cells into three categories (Fig.  2 B) : "strong responders" (38%), "weak responders" (21%,) and "nonresponders" (41% Figure 3B showed responses in the distal dendrite, whereas that in Figure 3A did not. Figure 3 , C and D, shows, respectively, the mean peak amplitude and rate of rise of Ca 2ϩ signals in the soma and proximal dendrite as functions of UV flash duration. In both the soma and proximal dendrite, the relationships were nonlinear, in that a threshold duration of the photolysis flash was required to evoke detectable Ca 2ϩ signals. The amplitude and rate of rise of the Ca 2ϩ signals, however, then increased progressively with longer flash durations.
The rates of decay of both IP 3 -evoked and spike-evoked Ca 2ϩ signals were markedly faster in the dendrites compared with the soma (Fig.  3 A, B,E) , indicating a faster rate of dendritic Ca 2ϩ clearance that may arise as a result of the differing geometries (ratio of surface area to volume) of these regions. Interestingly, the decay of IP 3 -evoked Ca 2ϩ signals became more rapid with progressively stronger stimuli, although their peak amplitude increased. This change in decay rate was not observed for Ca 2ϩ signals evoked by spike trains of varying durations (Fig. 3E, inset) , indicating that it does not arise through varying rates of Ca 2ϩ clearance at differing intracellular Ca 2ϩ concentrations. Instead, a likely mechanism is that Ca 2ϩ signals at low IP 3 concentrations are prolonged because of sustained liberation of Ca 2ϩ from intracellular stores, whereas liberation at high [IP 3 ] is more transient, because of either rapid inactivation of release channels or depletion of intracellular stores.
Responses to paired photolysis flashes
In nonexcitable cells, Ca 2ϩ liberation evoked by photoreleased IP 3 is depressed for several seconds after a preceding suprathreshold UV light flash (Parker and Ivorra, 1993) , probably as a result of feedback inhibition by Ca 2ϩ on the IP 3 R (Bezprozvanny et al., 1991; Finch et al., 1991) . To examine whether a similar phenomenon occurs in pyramidal neurons, we delivered paired, identical flashes at varying intervals in strongly responding cells. As illustrated in Figure 4 A, the Ca 2ϩ signal evoked by a second, suprathreshold flash was strongly reduced at an interval of 1 sec but subsequently recovered over several seconds. These effects cannot be attributed to dye saturation or consumption of caged IP 3 , because flashes of twice the test duration produced appreciably larger signals than each individual flash.
In contrast to the paired-flash inhibition seen with suprathreshold stimuli, Ca 2ϩ liberation in Xenopus oocytes is greatly potentiated with paired flashes that are individually too weak to evoke signals (Parker and Ivorra, 1992) , suggesting that a chemical summation of IP 3 levels might serve as the basis for a novel form of synaptic facilitation (Parker and Miledi, 1989) . However, experiments in cortical neurons (n ϭ 6), using paired photolysis flashes that were individually near the threshold required to evoke detectable somatic Ca 2ϩ signals, failed to reveal any marked potentiation of responses to the second flash. Most cells showed a suppression, as in Figure 4A , but one neuron displayed an additive effect with photolysis flashes at intervals Ͻ2 sec (Fig. 4B) .
Bidirectional interactions between IP 3 -evoked Ca
2؉ release and extracellular Ca 2؉ influx To study the interactions between Ca 2ϩ signals arising from extracellular and intracellular sources, we first examined the effects of Ca 2ϩ influx during action potentials on subsequent Ca 2ϩ liberation evoked by photorelease of IP 3 ("spike-flash" paradigm). In all strongly responding neurons examined (n ϭ 9), IP 3 -evoked Ca 2ϩ signals were unaffected by a preceding train of action potentials. However, in many weak-responding or nonresponding neurons, a preceding train of action potentials (ϳ18 Hz, 0.5 sec) strongly potentiated or "rescued" IP 3 -evoked Ca 2ϩ signals (11 of 21 cells tested) (Fig. 5 A, B,D) . The rescued neurons displayed two different temporal patterns of potentiation, suggesting different underlying mechanisms. Most (9 of 11) displayed a short-lasting potentiation of the IP 3 response (Fig. 5A , filled symbols in C), which was maximal near the peak of the spike-evoked Ca 2ϩ signal and decayed by 50% within ϳ4 sec. This decline approximately mirrored the fall in cytosolic [Ca 2ϩ ] after the spike train, suggesting that Ca 2ϩ liberation may have been potentiated by a facilitatory action of Ca 2ϩ on the IP 3 receptor. In contrast, two other neurons displayed a prolonged potentiation that remained evident for tens of seconds after the spike-evoked Ca 2ϩ signal had decayed to baseline (Fig. 5B , open symbols in C) and was strongly dependent on the duration of the preceding spike train (Fig.  5 D, E,) . These properties appear consistent with a mechanism by which Ca 2ϩ influx during action potentials results in increased filling of leaky IP 3 -sensitive stores.
We then looked for the inverse interaction, by using a flashspike paradigm in which action potentials were evoked by injecting depolarizing current pulses after photolysis flashes. In three neurons examined, we observed a consistent potentiation, in which submaximal Ca 2ϩ signals evoked by a few action potentials (ϳ4 spikes) were greatly enhanced (272 Ϯ 41.1% of control; n ϭ 7 trials) when preceded by photolysis flashes that, themselves, failed to evoke strong responses (Fig. 5F ).
IP 3 -evoked Ca
2؉ release reduces membrane excitability Cortical pyramidal neurons exhibit a characteristic spike frequency adaptation, whereby Ca 2ϩ entry during action potentials leads to activation of a Ca 2ϩ -dependent outward K ϩ current (I AHP ) that, in turn, reduces membrane excitability and increases the interspike interval (McCormick et al., 1985; Sah, 1996) . We examined whether Ca 2ϩ liberated from IP 3 -sensitive intracellular stores could similarly modulate spiking patterns.
Trains of spikes were induced by injecting depolarizing currents (300 -500 pA, 0.5-2 sec) through the patch pipette in current-clamp mode. Photorelease of IP 3 in strongly responding cells during these spike trains resulted in an incremental increase in Ca 2ϩ signal and a strong suppression of action potentials (n ϭ 6) (representative example shown in Fig. 6 A) . To measure the duration for which photoreleased IP 3 could depress neuronal excitability, we applied brief depolarizing current pulses of constant amplitude and duration at varying times after a photolysis flash and counted the number of spikes evoked during each pulse (Fig. 6 B) . Spike frequency was depressed to approximately onethird of the control level 2 sec after photorelease of IP 3 and had not fully recovered even after 16 sec (Fig. 6C) .
2؉ release activates an outward membrane current The depression of spike firing after photorelease of IP 3 likely involves activation of a Ca 2ϩ -dependent outward current. In agreement, photolysis flashes evoked small hyperpolarizations of graded amplitude from a resting membrane potential of approximately Ϫ60 mV, with time courses approximately paralleling accompanying Ca 2ϩ signals recorded in the soma (Fig. 7A) . Furthermore, voltage-clamp experiments (n ϭ 10; holding potential, Ϫ60mV) demonstrated the activation of a transient outward current, the peak amplitude of which was graded with the flash duration (Fig. 7B ) and increased after an approximately secondpower relationship with the peak of the corresponding Ca 2ϩ signal (Fig. 7C) .
Discussion
Although neurons in the prefrontal cortex express a high density of IP 3 Rs and use calcium signaling for mediating complex cognitive and behavioral functions, surprisingly little is known regarding IP 3 signaling in cortical neurons. We therefore undertook these studies to elucidate the basic properties of the IP 3 -Ca 2ϩ signaling pathway in layer V pyramidal cortical neurons.
Variability in IP 3 -mediated Ca
2؉ signals A striking initial finding was the wide variability in IP 3 -mediated Ca 2ϩ signals between individual neurons. Although all pyramidal cells showed strong Ca 2ϩ signals during trains of action potentials, some gave large Ca 2ϩ responses with relatively weak photorelease of IP 3 , whereas others failed to respond to even strong stimuli. This variability does not appear to arise through developmental differences between animals (Yamamoto et al., 2002) , because slices were obtained from relatively mature mice (2.5-3.5 weeks old) and, most significantly, responding and nonresponding cells were found within the same slice. Instead, several mechanisms may contribute to the varying IP 3 responses. One simply involves the numbers and type of IP 3 Rs present in individual cells. The density and distribution of the IP 3 Rs and IP 3 R subtypes vary within the population of pyramidal cells (Worley et al., 1989; Sharp et al., 1993 Sharp et al., , 1999 , and both the maximal response and threshold sensitivity to IP 3 are expected to depend on IP 3 R density (Nakamura et al., 2002) . A second putative mechanism involves differential modulation of IP 3 R function between cells. Finally, IP 3 -evoked Ca 2ϩ liberation depends on the state of ER Ca 2ϩ stores, reflecting previous activity history and serving as an "activity memory bank" (Simpson et al., 1995; Garaschuk et al., 1997) . The rescue of IP 3 responses in apparently weak-responding and nonresponding cells by Ca 2ϩ influx during tetanic stimulation suggests that store filling may be a major regulatory mechanism.
These experiments were performed without blocking RyR, so it is possible that Ca 2ϩ signals may have been amplified by subsequent CICR through RyR. Nevertheless, by virtue of the use of photoreleased IP 3 , it is clear that the primary signal reflects activation of IP 3 R.
Spatial and temporal aspects of Ca
2؉ signals Photolysis of caged IP 3 is expected to result in a uniform elevation of intracellular [IP 3 ] throughout the irradiated region of the cell.
The observed spatial gradient in responses to photoreleased IP 3 (with the soma showing the lowest threshold for IP 3 and progressively higher thresholds or loss or response through the distal dendrites) thus reflects differential sensitivity to IP 3 that may result from the higher density of IP 3 receptors in the soma and proximal dendrites in these neurons (Sharp et al., 1999 ). In contrast, Ca 2ϩ signals generated by action potentials were larger in the dendrites, consistent with the distribution of VGCCs (Seamans et al., 1997) , and the lower ratio of cytosolic volume per unit area of plasma membrane in the dendrites. The decay of Ca 2ϩ signals evoked both by IP 3 and action potentials was consistently faster in the dendrites than the soma, again likely attributable to the higher surface-to-volume ratio in dendrites. Interestingly, in all subcellular regions, the decay of IP 3 -evoked Ca ) . B, Sustained depression of membrane excitability after photorelease of IP 3 . The neuron was stimulated by repeated depolarizing current pulses (120 pA, 800 msec), and a photolysis flash was delivered whenindicatedbythearrow.C,Meanmeasurementsfrom10neurons,showingthenumberofaction potentials generated during fixed depolarizing pulses delivered at varying intervals after a UV flash. The experimental protocol was the same as in B. signals became faster with increasingly strong stimuli and approached that of signals evoked by trains of action potentials. A likely explanation is that the decline of cytosolic [Ca 2ϩ ] is ultimately limited by clearance mechanisms but that IP 3 -evoked responses are further prolonged by continued liberation through IP 3 R. Stronger activation may result in more rapid termination of Ca 2ϩ liberation, either through Ca 2ϩ inhibition of IP 3 R or simply because the ER Ca 2ϩ stores empty faster. Ca 2ϩ liberation in pyramidal cells showed a nonlinear dose dependence at low [IP 3 ], in that a certain threshold flash duration was required to evoke detectable signals. A similar nonlinearity has been described in nonexcitable cells (Parker and Ivorra, 1992; Bootman et al., 1997) and in Purkinje cells (Khodakhah and Ogden, 1993 ) and arises through the threshold sensitization needed to induce regenerative CICR (Bootman et al., 1997; Marchant et al., 1999) . This nonlinearity could provide a basis for "chemical integration" of IP 3 signals, leading to facilitation of successive Ca 2ϩ responses; however, we were unable to find convincing evidence for this phenomenon in pyramidal neurons. Instead, responses to paired photolysis flashes showed at most only an additive effect with weak stimuli, whereas the Ca 2ϩ response to an initial strong flash resulted in a marked suppression of the response to a second flash.
Interactions between extracellular and intracellular Ca 2؉ sources The two Ca 2ϩ sources for generating cytosolic Ca 2ϩ signals are the intracellular stores and the larger reservoir of extracellular Ca 2ϩ . Interactions between these pathways are expected to be complex, because of both the biphasic facilitatory-inhibitory actions of Ca 2ϩ on the IP 3 receptor and because the extent of store filling varies with the history of cytosolic Ca 2ϩ transients (Simpson et al., 1995; Berridge, 1998) .
Our principal finding was a bidirectional facilitation between Ca 2ϩ influx through VGCCs and Ca 2ϩ liberation through IP 3 Rs. Thus, spike trains evoked before photorelease of IP 3 in a weakresponding or nonresponding neuron could rescue an IP 3 -evoked Ca 2ϩ response, essentially converting that neuron into a strong responder. The extent of facilitation increased with increasing amount of Ca 2ϩ influx through VGCCs and, in different neurons, decayed with fast (a few seconds) or slow (tens of seconds) time courses. These two kinetically different responses may reflect different underlying mechanisms, respectively, a direct agonist effect of Ca 2ϩ on the IP 3 R and enhanced filling of ER Ca 2ϩ stores. Ca 2ϩ influx through VGCCs produced little or no facilitation in cells that already showed strong responses to IP 3 , but it is possible that the sensitivity of IP 3 Rs and extent of store filling were already near maximal. Conversely, previous photorelease of IP 3 potentiated Ca 2ϩ signals during brief trains of action potentials, probably because Ca 2ϩ entry through VGCCs was amplified by subsequent CICR.
Consistent with our findings, metabotropic receptor activation enhanced Ca 2ϩ responses mediated through VGCCs in hippocampus (Nakamura et al., 1999) and visual cortex (Yamamoto et al., 2002) . However, in Purkinje cells, Ca 2ϩ influx suppressed subsequent liberation through IP 3 Rs (Khodakhah and Ogden, 1993 IP 3 -evoked Ca 2؉ release reduces membrane excitability Photorelease of IP 3 during a train of evoked action potentials resulted in a transient increase in Ca 2ϩ levels, reduction in spike frequency, and membrane hyperpolarization. The effect on action potential generation mimics the spike frequency adaptation characteristic of cortical pyramidal neurons, in which membrane excitability is reduced by activation of the Ca 2ϩ -dependent outward potassium current, I AHP (Sah, 1996) . It is likely that Ca 2ϩ released from ER stores similarly activates K ϩ channels, and, in agreement, voltage-clamp recordings revealed a transient outward membrane current after photorelease of IP 3 , the amplitude of which varied as the second power of the associated Ca 2ϩ signal. The depression of spike activity after photorelease of IP 3 persisted as long as 15 sec and considerably outlasted the Ca 2ϩ transient and associated hyperpolarization directly evoked by the flash. The decrease in membrane excitability cannot, therefore, be explained simply by a sustained Ca 2ϩ activation of K ϩ conductance. Instead, its prolonged time course may mirror the decline of cytosolic [IP 3 ], which enables CICR so that Ca 2ϩ entry during a spike is amplified and thereby tends to inhibit subsequent spike firing.
Physiological roles of IP 3 -Ca
2؉ signaling in cortical pyramidal neurons By using caged IP 3 , we were able to precisely regulate the relative levels and timing of IP 3 concentration changes in cortical neurons and thereby examine the specific effects of IP 3 signaling while circumventing the contributions of upstream secondmessenger components that arise via activation of membrane G q -coupled receptors (Nakamura et al., 1999; Yamamoto et al., 2002) . Furthermore, Ca 2ϩ responses evoked by photoreleased IP 3 resembled those induced by local application of the metabotropic glutamate agonist 1S3R-ACPD, indicating that they mimic physiological signals.
In contrast to the dendritic localization of IP 3 signaling in cerebellar Purkinje cells, the soma appears to be the dominant compartment for IP 3 -mediated Ca 2ϩ signaling in cortical pyramidal neurons. Local somatic applications of metabotropic agonist demonstrate a functional input via neurotransmitter receptors, and one important output is the modulation of electrical excitability through Ca 2ϩ -activated K ϩ channels. Furthermore, the strong IP 3 -evoked Ca 2ϩ signals in perinuclear regions raise the possibility for activation of transcription factors and immediate early genes.
Layer V pyramidal neurons serve as crucial integrators of neuronal circuits involved in many cognitive executive functions (Goldman-Rakic, 1995; Birrell and Brown, 2000) . The IP 3 -mediated depression of spiking patterns may directly affect output signals to downstream effector regions. Phosphoinositidelinked inputs to the soma and proximal dendrites of pyramidal neurons are thus likely to serve as powerful and sustained modulators of excitability, acting in a complex, use-dependent manner via reciprocal interactions between electrical and chemical signals.
